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Chemical mechanical planarization ͑CMP͒ is a key process in modern integrated circuit ͑IC͒ fabrication. 1 It is widely used in the front end for device isolation ͑such as shallow trench isolation͒ and building advanced device structures and in the back end for dielectric planarization and metal damascene formation. 2 CMP combines chemical and mechanical interactions to polish metal and dielectric surfaces using a slurry composed of chemicals and submicrometer particles. The slurry is fed onto a polishing pad made of a porous polymer. By moving the pad across the wafer in a circular, elliptical, or linear motion, the wafer surface is polished. 3 To understand the CMP process, various models have been proposed. 4 CMP models can be roughly categorized into three classes: particle-level models, die-level models, and wafer-level models. Particle-level models seek to understand the material polishing mechanism of CMP, such as chemical pH and abrasive size effects. Die-level models study the polishing of an entire die or IC chip. They focus on the planarization capability of CMP, i.e., modeling the reduction or evolution in the height of topographical structures on the wafer surface. Wafer-level models are used when the CMP system effects are important, such as nonuniform distribution of pressure, slurry concentration, and temperature across the wafer.
In our previous work, a physical die-level CMP model was developed based on contact mechanics to understand and optimize the dielectric planarization process. 5 The model can be used to simulate the wafer surface evolution in the CMP process, as well as to study how planarization is affected by pad properties and process conditions.
In this paper, specific CMP pad properties are related to our CMP model parameters, enabling us to clarify how pad bulk and surface properties affect within-die planarization. The effects of pad stiffness and conditioning disk diamond shape are investigated so as to intentionally modify pad bulk and surface properties, and fits of the model to experimental data from the polishing of patterned wafers are used to relate planarization model parameters to pad properties. Die-level uniformity is predicted by simulation under different CMP end-point strategies.
In the following section, we first introduce our physical die-level CMP model including model framework and parameters. Then, the Experimental section explains the polishing experiments and measurements. Lastly, we separately discuss pad stiffness effect, conditioning disk effect, and CMP die-level uniformity in the Results and Discussion section.
Physical Die-Level CMP Model
Our physical die-level CMP model describes the dependence of pressures on the local pattern density and surface step height of a single die. It assumes that the elastomeric polishing pad can be decomposed into bulk and asperity regions, as shown in Fig. 1 . The bulk material can be treated as an elastic body, deforming in response to long-range wafer height differences. The surface asperities come in contact with the wafer surface, and the compression of the asperities depends on both the wafer surface profile and the pad bulk bending. Figure 2 illustrates the model framework and the coordinate system. The wafer is assumed to press into the polishing pad in the positive Z direction. For convenience, the surface normal of the wafer is taken as the positive Z direction, corresponding to the conventional "wafer face up" mathematical representation. Here, w͑x,y͒ is used to describe the z-coordinate of the nominal separation point between the bulk and the asperities of the pad, and z͑x,y͒ is used to describe the wafer surface. The distance between the wafer surface and the nominal bulk pad position is w͑x,y͒ − z͑x,y͒.
Modeling of bulk.-The bulk is elastic and can be modeled using a contact wear model. 6, 7 The relationship between the bulk surface displacement w͑x,y͒ and pressure P͑x,y͒ satisfies the following convolution
where F͑x,y͒ is the deformation response to a point pressure. This deformation is proportional to 1/E, where E is the effective modulus of the pad. Here, w 0 is the relative reference plane of the bulk surface when there is no pressure applied. For mathematical convenience, w 0 is set to zero. The boundary condition applied to Eq. 1 is
where P 0 is the reference pressure applied to the bulk and S is the contact area. Equation 2 indicates that the bulk response force is equal to the force applied from the outside.
Modeling of asperities.-The asperities are assumed to have a negligible width and an exponential height distribution. 8 Equation 3 defines the distribution with a characteristic asperity height
where is the asperity height. At location ͑x,y͒, the distance between the wafer surface z͑x,y͒ and the nominal plane w͑x,y͒ is w͑x,y͒ − z͑x,y͒, so asperities of height larger than w͑x,y͒ − z͑x,y͒ contact the wafer surface, and the amount of compression of these asperities is − ͓w͑x,y͒ − z͑x,y͔͒. All the asperities are assumed to obey Hooke's law; i.e., the exerting force is proportional to the compressed amount. The expected value of P͑x,y͒ can be estimated by averaging across all the asperities as follows
where k is a spring constant and ⌿͑z͒ is a derived asperity height distribution function, defined as ⌿͑z͒ = ͐ z ϱ ͑ − z͒l͑͒d. ⌿͑z͒ can be calculated once the probability distribution of asperity height is known, and it is a strictly decreasing function and approaches zero at infinity. Because we assume the asperity height distribution as given in Eq. 3, ⌿͑z͒ is given by
͓5͔
When a feature of step height h͑x,y͒ is pressed against the pad, as shown in Fig. 2 , Eq. 4 implies that the up-area pressure is
and the down-area pressure is
The total local pressure is the sum of the two pressures weighted by pattern density ͑x,y͒, which is the area fraction of the up area. Modeling of CMP process.-The physical CMP model can be obtained by combining the effects of the two parts above together: the elastic pad bulk, which is described by Eq. 1, and the asperities with exponential height distribution, which is described by Eq. 9. The pressure and deflection interactions between wafer surface topography and CMP pad are therefore described by
To run the model, pattern density ͑x,y͒ needs to be extracted from the die layout. With initial values of step height and up-area coordinate, the two unknowns P͑x,y͒ and w͑x,y͒ can be calculated by solving Eq. 10 iteratively. Once P͑x,y͒ is solved, P u ͑x,y͒ and P d ͑x,y͒ can be obtained by Eq. 9. Then, the model employs Preston's equation 9 with local pressure P͑x,y͒ to calculate the instantaneous material removal rates of the up and down areas as follows
where K p is the Preston coefficient and v is the linear velocity of the pad relative to the wafer. So, z u ͑x,y͒ and h͑x,y͒ are dynamically updated during the simulation of CMP.
Model parameters.-There are three key parameters in the physical die-level CMP model: blanket removal rate K 0 , effective modulus E, and characteristic asperity height . The blanket removal rate is affected by many CMP tools, consumable, and process parameters, such as the CMP system reference pressure. The effective modulus is related to the properties of the pad bulk and is hypothesized to most strongly impact within die uniformity and layout pattern density effects, resulting from long-range pad bending due to differential removal rates in different die pattern density regions. The characteristic asperity height reflects the distribution of pad asperity heights and is hypothesized to most strongly impact the feature scale step height reduction. The pad property related parameters, E and , are independent of each other; in the model we assume the CMP pad can be divided into two parts, pad bulk and asperities. E is only affected by the pad bulk stiffness, while is only affected by the pad surface asperity height distribution. Thus, extracting these two independent parameters from experimental data enables separate investigations of the pad bulk and surface properties. 
Experimental
To evaluate the effect of pad stiffness, three water soluble particle ͑WSP͒ pads 10-12 ͑produced by JSR Corporation͒ were engineered to have different stiffnesses ͑low, standard, and high͒ and were used in patterned wafer polishing. In the conditioning disk effect study, three conditioning disks with different diamond shapes ͑sharp, standard, and blocky͒ were applied on JSR standard pads. These diamond shapes were expected to "cut" into the pad surface differently, generating different pad asperity surface structures. SKW7-2 oxide wafers patterned with a Massachusetts Institute of Technology CMP test layout 13 were polished using JSR WSP pads. We varied the pad stiffness and the conditioning disk diamond shape separately, while the CMP machine recipe was kept all the same. Each test wafer was polished under a reference pressure of 5 psi for different times accumulative to more than 2 min: 0, 20, 40, 70, 90, 110, and 130 s.
Optical measurements of film thickness and step height were performed after polishing. On each wafer, we selected a center die, a middle die, and an edge die to test, as shown in Fig. 3 . Figure 4 shows the pattern type and local pattern density within each die of the SKW7-2 wafer. For each testing die, the oxide thickness and step height were measured on five points in the step blocks with local pattern densities of 30, 70, and 50% ͑Fig. 5͒. Oxide thickness data were used to extract the necessary model parameters and simulate polishing performance of each pad using the physical die-level CMP model. We extracted model parameters by fitting to experimental data and by minimizing the fitting error from time split experiment data. The hypothesized pad property effects are seen clearly in the pad parameter and model simulation results, as discussed below.
Results and Discussion
We applied two different sets of experimental conditions to emphasize either the pad bulk dependence or the pad surface and asperity structure dependence. The reference pressure P 0 is 5 psi for both sets. In the first set of experiments, we polished wafers using pads with different stiffnesses ͑low, standard, and high͒, while we used the same conditioning disk. In the second set of experiments, we polished wafers using a standard pad, while we applied three different conditioning disks ͑sharp, standard, and blocky͒. The first set investigates pad stiffness effect, and the second set verifies pad conditioning effects.
CMP pad stiffness effect.-JSR pads with different stiffnesses ͑low, standard, and high͒ were tested by polishing experiments and model data fitting. Based on the physical model, fitting results were hypothesized to have different effective moduli but similar asperity heights and blanket removal rates. Figure 6 shows the extracted model parameters. As expected, effective modulus varies corresponding to the pad bulk stiffness. In addition, the characteristic asperity height and the blanket removal rate do not change substantially.
In the following discussion, we only focus on the middle die and do not consider in detail the across-wafer variation observed in the measured results. Our model here is die-level only and does not seek to account for CMP tool design or process nonuniformities in pressure, velocity, pad microstructure, conditioning profile, or other parameters across the wafer. 5, 14, 15 Nonuniformity in pad properties ͑such as effective modulus and asperity height distribution͒ resulting from wafer-level effects are of interest for future work.
A useful output from our model to reflect the main within-die uniformity effect of pad stiffness is the "nominal range," which is defined as the difference between the up-area oxide thickness of the 90% pattern-density area and that of the 10% pattern-density area. Within-die nonuniformity results from faster removal rates in low pattern density regions on the die compared to high pattern density areas: The local pad force is applied to a smaller number of up features in the low pattern density region, generating much higher local pressure and resulting in a large "recessed" or "eroded" region on the die. Across lateral distances of several millimeters, this within-die nonuniformity can be substantial, with oxide thickness differences of several hundred nanometers. To combat this effect, pads with a higher stiffness are of interest, as they are subject to less long-range bending. Across the oxide step structures, hard pads deflect less into recessed low pattern density areas, reducing the regional polish rates compared to high pattern density regions, resulting in a smaller final nominal range, as shown in Fig. 7 . In this figure, the creation of within-die nonuniformity in the first 50-70 s due to pattern density removal rate dependence is seen, with subsequent reduction as polishing progresses. At all times, the harder pads create a less nominal range between 90 and 10% region thicknesses.
We can also understand the pad stiffness effect vs asperity height effect by comparing step height evolution in the polishing process. Figure 8a shows the data fitting results of step height vs time on the center point of a middle die in the 50% pattern density array. We see that the high stiffness pad maintains a linear step height reduction region to a comparable remaining step height ͑at which point an exponential decay in time occurs͒ across all three pads, corresponding to our expectation that bulk pad stiffness is not the primary factor in individual feature step height removal or down-area polish. Comparing the step height evolution at the center ͑Fig. 8a͒, left edge ͑Fig. 8b͒, and right edge ͑Fig. 8c͒ points of the 50% pattern density array on the middle die, however, we see the pattern density dependence of polishing as expected. As indicated by the straight dashed lines, step height reaches to 200 nm with the remaining height moving slowly ͑at about 95 s͒ at the left edge point ͑next to 70% pattern density array͒ and moving quickly ͑at about 66 s͒ at the right edge point ͑next to 10% pattern density array͒. This is the result of the long-range pad bending, which results in different "effective" pattern densities at different points within the same local pattern density region, due to spatial "averaging" of the applied pad pressure across the die.
CMP pad conditioning effect.-JSR standard pads with different conditioning disk diamond types ͑blocky, standard, and sharp͒ were tested. Because we used the same type of pad, the extracted effective modulus is similar for each conditioning disk ͑Fig. 9a͒, as expected. Especially for the middle die, the modulus differences are very small ͑less than 2.5%͒. But the characteristic asperity height is consistently different ͑Fig. 9b͒; the characteristic asperity height varies according the to the diamond shape. The blanket removal rate does not change substantially ͑Fig. 9c͒.
In the conditioning test, the simulated nominal range ͑or withindie oxide thickness uniformity͒ based on the extracted model parameters is not significantly impacted by the characteristic asperity height, and thus, the range evolutions are similar for different conditioning disks ͑Fig. 10͒. However, there is a difference in step height evolution. Figure 11 shows the data fitting result of step height vs time of the middle die 50% pattern density array. The pattern density dependence of the polish is also verified by comparing the step height evolution at the center ͑Fig. 11a͒, left edge ͑Fig. 11b͒, and right edge ͑Fig. 11c͒ points of the 50% pattern density array on the middle die. The sharp diamond disk data go to a nonlinear region slightly earlier ͑at a larger remaining step height͒ than the other disks. This transition in the linear step height reduction in time occurs when asperities start to polish both the up and down feature areas rather than just the up areas; we thus expect this transition to depend on the pad asperity height. A good way to understand the linear to nonlinear transition in step height is shown in Fig.   (a) (b) (c) Figure 8 . ͑Color online͒ Middle die 50% pattern density array step height evolution for different pad stiffnesses: ͑a͒ Center point, ͑b͒ left edge point ͑next to 70% pattern density array in Fig. 5͒ , and ͑c͒ right edge point ͑next to 10% pattern density array in Fig. 5͒. (a) (b) (c) Figure 9 . ͑Color online͒ Extracted model parameters for different conditioning disk diamond shapes: ͑a͒ Effective modulus, ͑b͒ characteristic asperity height, and ͑c͒ blanket removal rate.
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Journal of The Electrochemical Society, 157 ͑5͒ H526-H533 ͑2010͒ H530 12. In the beginning of the process, the down-area removal amount is zero. When the step height reduction goes to nonlinear, down area removal amount starts to increase above zero. In Fig. 12 , the sharp disk curve goes to above zero at the largest remaining step height among the three disks, while the blocky disk curve goes to above zero at the lowest remaining step height. The characteristic asperity heights vary about 15% for the three conditioning disks, so we see a clear relationship verifying the physical model sensitivity to pad properties.
Simulation of CMP die-level uniformity and end point.-
CMP is used to planarize the wafer surface to remove topography resulting from previous patterning and deposition processes. In practice, perfect planarization is difficult to achieve due to the pattern density differences on the die, where planarization of low density areas is faster than that of high density areas. In general, the CMP process must be stopped once a certain end-point strategy is fulfilled. In one approach, the polishing should stop when the original step height has been reduced to some value that is "small enough" to meet product requirements, which is called the step height target strategy. Another commonly used approach is thickness target strategy, in which the process should stop when the up-area thickness has been reduced to some value as product requirements.
To understand the die-level uniformity and impact on the process end point, a full chip simulation ͑middle die of Fig. 3͒ was run for pad conditioning effects using the JSR standard pad. The end point was defined as occurring when a step height target of 100 nm at the 50% pattern density area is reached, i.e., the polishing stops when the remaining step height is 100 nm at the center point of the 50% pattern density area. Table I lists the simulation results for the different diamond conditions. We can see the differences in final within-die and step height uniformity with these numbers. While the 50% pattern density area reaches the end point, the 10% pattern density area is overpolished and the 90% pattern density area still has a remaining step height substantially larger than the end-point target. From the end-point time, we see that the standard pad with a blocky conditioning disk planarizes faster, which corresponds to Fig. 11a . Table I also tells us that within-die oxide thickness uniformity is not substantially impacted by conditioning disks because both the nominal range ͑difference between the up-area oxide thickness of the 90% pattern-density area and that of the 10% patterndensity area͒ and the full chip range ͑difference between the maximum up-area thickness and the minimum up-area thickness across the entire chip͒ are similar for the three different disks. The full chip simulation of the middle die surface at the end point for the JSR standard pad with a standard conditioning disk is shown in Fig. 13 . We see that the uniformity is affected significantly by pattern density. Although the STEP-90 array has a 90% pattern density, its final thickness and step height are not high. The reason is that its neighboring arrays have lower pattern densities ͑10 and 30%͒. The end point of thickness target strategy was defined as occurring when an up-area thickness of 1000 nm at the 50% pattern density area is reached; i.e., the process stops, and then the remaining up-area Figure 11 . ͑Color online͒ Middle die 50% pattern density array step height evolution for different conditioning disks: ͑a͒ Center point, ͑b͒ left edge point ͑next to 70% pattern density array in Fig. 5͒ , and ͑c͒ right edge point ͑next to 10% pattern density array in Fig. 5͒. thickness is 1000 nm at the center point of the 50% pattern density area. Table II lists the simulation results of the thickness strategy for the different diamond conditioning disks. It is very easy to see the pattern-density-dependent within-die nonuniformity. The planarization efficiency of the blocky disk is higher than the other two because at the end point the remaining step height of the blocky disk is less than that of the others.
Conclusion
A physical die-level CMP model has been applied to the pad property and polish process analysis. The experimental results confirm the decomposition of the model between the pad bulk and pad asperity components. We are able to relate the pad stiffness and the conditioning disk effects to the model parameters and data fitting results. Quantitative relationships between pad properties and model parameters were established, which can be used to evaluate pad performance and to assist in pad design and optimization. Model prediction is the same as our expectation: A higher pad stiffness gives better within-die uniformity, and a conditioning disk with blocky diamonds keeps the linear polishing region longer. This physical CMP model correctly simulates pattern density dependence and within-die uniformity. (a) (b) Figure 13 . ͑Color online͒ Full chip simulation for the SKW7-2 test pattern at the time point when a 100 nm step height end point in the 50% pattern density region is reached. Simulation is for a JSR standard pad with a standard conditioning disk: ͑a͒ Up-area oxide thickness and ͑b͒ step height. The x-y coordinate corresponds to the layout shown in Fig. 4a . 
